Introduction
Concern about the potential toxicity of heavy metal ions present in environmental samples, such as soils, plants, and drinking water, has been increasing recently, and is a topic discussed by many researchers at conferences all over the world. 1, 2 Owing to their serious danger in aquatic environments, especially at high concentrations, there is a growing need for simultaneous detection of heavy metal ions, such as cadmium (Cd 2+ ) and lead (Pb 2+ ), in water samples. Such monitoring systems have to be accurate, sensitive, and non-toxic to the environment. [3] [4] [5] Conventional methods for heavy metal detection, such as atomic adsorption spectrometry, inductively coupled plasma atomic emission spectrometry, and inductively coupled plasma mass spectrometry, require sophisticated instruments and sample preparation that is not suitable for portable environmental applications. 6, 7 Electrochemical techniques have been recognized as a promising method for highly sensitive, on-site analysis of heavy metal ion concentrations due to the simple, fast, portable, and inexpensive equipment required. Indeed, electroanalytical stripping techniques, including anodic stripping voltammetry, cathodic stripping voltammetry, and potentiometry, have been identified as promising metal-ion detection methods, due to their intrinsic sensitivity and selectivity. [8] [9] [10] Among them, square-wave stripping voltammetry (SWSV) is the most sensitive technique for trace analysis of heavy metals.
In recent years, despite the advantages of mercury-based sensors in terms of sensitivity, reproducibility, and wide cathodic potential range for heavy metal detection, 9, 11, 12 the search for mercury-free sensors has become a key research focus. [13] [14] [15] The bismuth electrode has been introduced as a favorable replacement for mercury-based sensors because its behavior is similar to a mercury electrode, and bismuth is an environmentally friendly material with very low toxicity. 16, 17 However, the relatively narrow cathodic potential range and ease of oxidation upon contact with air results in the low chemical stability of bismuth electrodes, thus making them unsuitable for on-site environmental monitoring. 18 Invented in 1991, carbon nanotubes exhibit several unique properties such as a large surface area, high electrical conductivity, chemical stability, and significant mechanical strength. [19] [20] [21] The electrochemical properties of single-walled carbon nanotube (SWCNT) films have recently been elucidated, and their excellent electrical and mechanical properties make them attractive for use as electrode materials in electronics, catalysis, and sensing applications. [22] [23] [24] [25] Furthermore, researchers have attempted to fabricate a lightweight and flexible carbon nanotube electrode, which would be helpful in developing new portable and on-site electrochemical devices. [26] [27] [28] [29] To the best of our knowledge, there have been no reports on the detection of heavy metal ions using on pristine SWCNT film electrodes. Most carbon nanotubes-based electrodes were fabricated using drop-and-dry technique on traditional electrodes, such as carbon paste, glassy carbon, and gold electrodes, resulting in the low reproducibility and stability, due to inhomogeneous carbon nanotube layer on the electrodes. However, the vacuum filtration method guarantees homogeneity A flexible, transparent, single-walled carbon nanotube (SWCNT) film electrode was prepared by vacuum filtering methods, followed by photolithographic patterning of a photoresist polymer on the SWCNT surface. The morphology of the SWCNT film electrode surface was characterized using a field-emission scanning electron microscope coupled to an energy-dispersive X-ray spectrophotometer. The electrodes were successfully used as a mercury-free electrochemical sensor for individual and simultaneous detection of cadmium (Cd 2+ ) and lead (Pb 2+ ) in 0.02 M HCl by square-wave stripping voltammetry. Some important operational parameters, including deposition time, deposition potential, square-wave amplitude, and square wave-frequency were optimized for the detection of Cd 2+ , respectively. The experiments demonstrated the applicability of carbon nanotubes, specifically in the preparation of SWCNT films. The results suggest that the proposed flexible SWCNT film electrodes can be applied as simple, efficient, cost-effective, and/or disposable electrodes for simultaneous detection of heavy metal ions. of the CNT films by the process, itself. 30 We have recently reported a sensitive method for the detection of ultratrace lead and copper using gold nanoparticles patterned on a carbon nanotube thin film. 31 The electrode exhibited highly sensitive and selective signaling in the simultaneous detection of lead and copper ions, but it required complicated fabrication processes, such as the use of photolithography technique and the electrochemical deposition of gold nanoparticles.
Here, we use pristine SWCNT film electrodes for the detection of heavy metal ions by a square-wave stripping voltammetry technique. Cadmium and lead are chosen as representative heavy metals because of their high toxicity and accumulation in environmental samples and organisms. 32, 33 Experimental results show that the pristine SWCNT electrodes exhibit remarkably improved voltammetric behavior compared to conventional methods for stripping measurements of Cd 2+ and Pb 2+ in aqueous solution. These SWCNT film electrodes are also highly stable for the simultaneous detection of Cd 2+ and Pb 2+ in a mixture solution.
Experimental

Materials and instruments
Heavy metal solutions were prepared by diluting AAS grade standard solution (Sigma-Aldrich, St Louis, MO) with deionized water. Hydrogen chloride solution (1 N) and 99% sodium chloride were purchased from Samchun Pure Chemical Co. (Seoul, South Korea). Calcium chloride (99%) was purchased from Sigma-Aldrich (St Louis, MO). Electrochemical measurements were taken using an electrochemical analyzer (CHI 660C, CH Instruments Inc., USA). The morphologies of the SWCNT electrodes were characterized by a FE-SEM (Hitachi S-4800, Hitachi Co., Japan) coupled to an energy dispersive X-ray spectrophotometer (EX-250, Horiba, Japan). Figure S1 (Supporting Information) illustrates the fabrication process for a single-walled carbon nanotube thin film on a poly(ethylene terephthalate) (PET) flexible substrate, which was described in our previous publications. 34, 35 Briefly, a solution of SWCNT (0.3 mg/mL) purchased from Top Nanosys Co. (Sung Nam, South Korea) was vacuum filtered on an anodisc membrane (Whatman Inc. Ltd., USA) and transferred to the PET substrate. 36 Then, a standard photolithography process was employed to generate a template of the photoresist polymer (AZ4620) on the SWCNT film surface, followed by washing in AZ400K developing solution. The resulting film was cut into separate electrodes that were then used for heavy metal detection. A clean platinum wire and a saturated calomel electrode in 3.5 M KCl were used as the counter and reference electrodes, respectively.
Fabrication of a SWCNT film electrode
Probing heavy metal ions on a SWCNT film electrode
The trace heavy metal (M 2+ ) ions were determined by two main steps: the electrochemical accumulation of M 2+ on the SWCNT surface and square-wave stripping voltammetry. 37, 38 First, electrochemical accumulation of M 2+ ions on the electrode surface was achieved by immersing the electrode into a stirred 0.02 M HCl solution containing heavy metal ions. A potential of -1.3 V was applied for 150 s by a CHI 660C electrochemical analyzer. After a 15-s rest period, the square-wave stripping voltammetric step was carried out from -1.3 V to +0.8 V in the unstirred solution, and the corresponding current signal variance was recorded as a function of the potential (increment potential, 4 mV; amplitude, 25 mV; frequency, 25 Hz). Before each measurement, a cleaning step was performed by maintaining the SWCNT film electrode at +0.8 V for 30 s using a chronoamperometric technique. All experiments were carried out in 0.02 M HCl solution without oxygen removal.
Results and Discussion
Morphological characterization of the SWCNT film
The thickness of the SWCNT layer on the PET substrate was adjusted to be approximately 100 nm in order to achieve suitable resistivity and transparency. The average resistivity and transparency of the fabricated flexible SWCNT films were 350 ohm/sq and 80% (the transparency of PET film itself is 89%), respectively. The SWCNT films showed high flexibility with a negligible change in resistivity upon hard bending. Figure 1A is an optical image of the as-prepared SWCNT thin film electrode patterned with the photoresist polymer. The active surface area of the electrode was 0.04 cm 2 . FE-SEM images of the SWCNT films, acquired after the photolithographic process, revealed that the ordered SWCNTs were well-connected to one another, forming a random and homogeneous film on the PET substrate (Fig. 1B) . The high density of the SWCNTs, the lack of impurities, and the strong adhesion of the SWCNTs to the PET substrate make the SWCNT film an ideal platform for sensor development. Using the photolithography method, well-defined photoresist polymer patterns can be created on the SWCNT film, thereby facilitating the electrochemical deposition of heavy metal ions onto the SWCNT surface due to the electric field strength induced by the patterned features. 39 Square wave stripping voltammetric behavior of Cd 2+ and Pb 2+ at the SWCNT film electrode SWSV is the fastest, most sensitive technique for trace heavy metal detection, and greatly reduces the background noise in electroanalysis. 40, 41 Like other stripping voltammetric techniques, SWSV involves two major steps: (i) accumulation of heavy metals at an optimized potential for a given duration; and (ii) stripping of the accumulated heavy metals. The current stripping signal corresponding to the concentration of heavy metals in solution was monitored. As shown in Figs. S2(A) to S2(C) (Supporting Information), the morphology of the SWCNT film surface was not obviously changed after 150 s of the accumulation process at -1.3 V. The EDS analysis of the atom composition on the surface of the SWCNT film revealed 0.34% for Cd 2+ , 0.36% for Pb 2+ , and 0.05%:0.25% for Cd 2+ :Pb 2+ mixture, respectively, suggesting the successful deposition of metal ions on the electrode surface. After the stripping step, a cleaning step was carried out by applying constant potential at +0.8 V for 30 s. In our previous work, the SWCNT film underwent extensive oxidation at potential values over 1.315 V, resulting in SWCNT film damage. 42 The cleaning step carried out at +0.8 V ensured complete removal of metal ions from the SWCNT surface, while still maintaining the structure and morphology of the SWCNT film ( Fig. S2(D) , Supporting Information). Figure 2 shows the SWSV peaks at -0.792 V for Cd 2+ (curve a), at -0.516 V for Pb 2+ (curve b), and at -0.816 and -0.540 V for the mixture of Cd 2+ and Pb 2+ (curve c) on the SWCNT film electrode. Analyses of Cd 2+ and Pb 2+ ions alone revealed a well-defined stripping peak current, as did analyses of solution containing a mixture of the two ions. A slight shift in peak potential and a change in the relative peak current were observed for the mixture of Cd 2+ and Pb 2+ compared to that for the individual ions. This observation can be explained by the difference in diffusivity and the intermetallic compounds formed during the accumulation process of Cd 2+ and Pb 2+ ions on the SWCNT film. 2+ and Pb 2+ determination Variables affecting the stripping response of heavy metallic ions on the SWCNT film electrode were also examined. Several parameters were investigated in order to determine the optimum conditions for stripping voltammetric behavior of the SWCNT film electrode toward the detection of Cd 2+ and Pb 2+ ions. Figure 3 shows the influence of deposition time, deposition potential, square-wave amplitude, and square-wave frequency on the stripping peak current response of SWCNT film electrode. The deposition time in stripping voltammetry should be carefully controlled, since this parameter can directly influence sensor sensitivity. The peak currents increased as the deposition time increased from 50 to 300 s (Fig. 3A) . However, at deposition times longer than 200 s, splitting of the stripping peak was observed, resulting in instability of peak current response. Figure 3B shows the influence of deposition potential on the stripping peak of Cd 2+ and Pb 2+ ions. The optimized stripping signal was observed at -1.3 V for both Cd 2+ and Pb 2+ ions. At a more positive potential than -1.3 V, the stripping signal decreased quickly. This might be due to incomplete reduction of Cd 2+ and Pb 2+ ions on the SWCNT film surface, which subsequently weakens the stripping peak current. 44 In contrast, at a more negative potential than -1.3 V, the stripping peak currents of Cd 2+ and Pb 2+ become poor because of the evolution of hydrogen gas, occurred at the SWCNT film electrode in the acid medium. 45 For optimization, an applied potential of -1.3 V over 150 s was used for the accumulation step in all subsequent experiments. Figures 3C and 3D show the effect of the square-wave amplitude and square-wave frequency on the stripping process of Pb 2+ and Cd 2+ ion, respectively. The peaks corresponding to the stripping of Cd 2+ and Pb 2+ ions were shifted to a more negative potential at higher amplitude, and peak broadening was observed at higher frequency. Therefore, the optimum square-wave amplitude and square-wave frequency were selected to be 25 mV and 25 Hz, respectively, in order to obtain the highest sensitivity in the stripping detection of Cd 2+ and Pb 2+ ions. 2+ and Pb 2+ ions The patterned SWCNT film electrode was used with the optimized electrochemical parameters for the detection of Cd , and accelerated the enrichment of Pb 2+ on the electrode surface (Fig. 5A) . 18 The calibration curve for the simultaneous detection of Cd 2+ and Pb 2+ at different concentrations is shown in Fig. 5B which is linear in the range of 0.033 to 0.280 ppm. The calculated detection limits were 2.2 ppb (R 2 = 0.976) for Cd 2+ and 0.6 ppb (R 2 = 0.996) for Pb 2+ (S/N = 3, n = 3). Table 1 summarizes the calibration curve, coefficient of variation (CV), limit of detection (LOD), and limit of quantification (LOQ) for the detection of Cd 2+ and Pb 2+ individually and simultaneously. It should be noted that the SWCNT film electrode has a wide linear range, low detection limit, and high sensitivity comparable to most of the mercury-free electrodes. [46] [47] [48] [49] These merits are a result of the highly active surface area and catalytic activity of single-walled carbon nanotubes. 2+ and Pb 2+ ions In the SWSV technique, interfering molecules in the sample solution may be co-deposited on the active sites of the electrode surface, resulting in changes in the stripping peak current. Interference may be a result of two factors: (i) the competition between analytes and interferent ions for active sites on the SWCNT film surface and (ii) intermetallic compound formation. 44 Thus, the effect of some foreign ions on the detection of 0. 16 , and Na + ions were chosen as interferents due to their common existence in the environmental samples. The peak current was used for the interference investigation. As can be observed from Table 2 , and Na + ions did not show any significant influence in the detection of Cd 2+ and Pb 2+ . Note that the foreign ions were considered to be interferents when they altered the signal by 10% compared to the response of the analyte signal alone.
Optimization of square wave stripping voltammetry parameters for Cd
Multiplexing detection of Cd
Effect of interferents on the detection of Cd
Stability of the SWCNT film electrode
The SWCNT film electrode was used to simultaneously detect Cd 2+ and Pb 2+ under the optimized conditions. Repeated measurements were taken over several experimental replicates. The relative standard deviation (RSD) for the detection of 0.25 ppm of each ion in the Cd 2+ -Pb 2+ mixture over 20 replicates was 5.4 and 4.3% for Cd 2+ and Pb
2+
, respectively. Thus, the SWCNT film electrode exhibited good repeatability, reproducibility, and stability for the simultaneous detection of Cd 2+ and Pb 2+ in a sample containing a mixture of the two ions. The long-term stability of the SWCNT film electrode was not as good as expected. The stripping peak current rapidly decreased to below 50% of the original value after seven days of continuous measurements (data not shown). This phenomenon may result from damage of carbon nanotubes electrode due to long-term use. However, given the advantages of the SWCNT film, including the fact that it is mercury-free and has a cost effective fabrication process, it would be a good candidate as a disposable electrode for heavy metal ion analysis. Furthermore, SWCNT film electrodes have great potential for flexible optoelectronics, such as wearable display, e-paper, and artificial skin comparing to conventional devices on rigid substrates. 52 The flexible, transparent SWCNT electrodes are also suitable for electronics, which require lightweight package platform or conformal bending adaptability.
Conclusions
Herein, the use of a flexible, transparent SWCNT film to develop a new electrode for the simultaneous detection of Cd 2+ and Pb 2+ ions was reported for the first time. The photolithographic method provided excellent conditions to pattern a photoresist polymer on the SWCNT surface and subsequently enhanced the accumulation of metal ions on the SWCNT surface via the electric field strength induced by the features of the pattern. The morphology of the SWCNT film electrode, as well as the electrochemical parameters that influence the accumulation and stripping of Cd 2+ and Pb 2+ ions, such as the deposition potential, deposition time, and square-wave amplitude, were carefully studied.
The detection of Cd 2+ and Pb 2+ was performed in 0.02 M HCl solution under optimized conditions. The sensors showed detection limits of 0.7 ppb for Cd 2+ and 0.8 ppb for Pb 2+ in the individual measurements and 2.2 ppb for Cd 2+ and 0.6 ppb for Pb 2+ in the simultaneous determination. The linear ranges of detection were found to be in the range from 0.033 to 0.228 ppm for individual and from 0.033 to 0.280 ppm for simultaneous measurements.
After 20 consecutive measurements, the SWCNT film electrode showed a stable response with an RSD of 5.4 and 4.3% for Cd 2+ and Pb 2+ , respectively. However, a significant decrease in the stripping peak current was observed in day-after-day measurements. While the SWCNT film electrode developed in this study is ideally suited for the simultaneous detection of Cd 2+ and Pb 2+ , further studies and optimization are needed in order to prevent carbon nanotube surface damage over long-term use. 
